We recently generated a transgenic rat model for acute pancreatitis, which was apparently caused by a massive depletion of pancreatic polyamines spermidine and spermine due to inducible activation of their catabolism (Alhonen, L., Parkkinen, J. J., Keinä nen, T., Sinervirta, R., Herzig, K. H., and Jä nne, J. (2000) Proc. Natl. Acad. Sci. U. S. A. 97, 8290 -8295). When subjected to partial hepatectomy, these animals showed striking activation of polyamine catabolism at 24 h postoperatively with a profound decrease in hepatic spermidine and spermine pools and failure to initiate liver regeneration. Here we show that pancreatitis in this model could be totally prevented, as judged by histopathology and plasma ␣-amylase activity, by administration of 1-methylspermidine, a metabolically stable analogue of spermidine. Similarly, the analogue, given prior to partial hepatectomy, restored early liver regeneration in the transgenic rats, as indicated by a dramatic increase in the number of proliferating cell nuclear antigen-positive hepatocytes from about 1% to more than 40% in response to the drug. The present results suggest that the extremely high concentration of spermidine in the pancreas, in fact the highest in the mammalian body, may have a critical role in maintaining organ integrity. The failure to initiate liver regeneration in the absence of sufficient hepatic polyamine pools similarly indicates that polyamines are required for proper commencement of the regenerative process.
The polyamines spermidine and spermine and their precursor putrescine are intimately associated with growth and differentiation of mammalian cells, yet their exact cellular functions have not been solved (1) . In attempts to elucidate the physiological roles of the polyamines, we have generated a number of transgenic mouse and rat lines with genetically altered polyamine metabolism. The activation of polyamine biosynthesis through an overexpression of ornithine decarboxylase brings about many interesting phenotypic changes, such as male infertility (2, 3) , yet these studies are complicated by the fact that overexpression of ornithine decarboxylase only expands tissue putrescine pools as the latter diamine is not further converted to spermidine and spermine (4, 5) . Much more severe distortion of tissue polyamine pools has been achieved by activation of polyamine catabolism through an overexpression of spermidine/spermine N 1 -acetyltransferase (SSAT) 1 in transgenic rodents. The latter enzyme catalyzes the rate-controlling reaction in the catabolism of spermidine and spermine. After being acetylated, spermidine is converted to putrescine and spermine to spermidine by the action of polyamine oxidase (6) . Overexpression of SSAT in transgenic rodents results in profound changes in tissue polyamine pools, such as the massive accumulation of putrescine, appearance of N 1 -acetylspermidine, and decreases in spermidine and/or spermine pools (7) . The alterations in polyamine homeostasis are accompanied by bizarre phenotypic changes, such as the early and permanent loss of hair, extensive wrinkling of the skin upon aging, lack of subcutaneous fat (7), and reduced life span (5) . We recently generated transgenic rats in which SSAT expression is driven by heavy metal-inducible mouse metallothionein I promoter (8) . The metallothionein promoter directs the expression of SSAT mainly into liver and pancreas in a heavy metal-inducible fashion. Exposure of the transgenic rats to nontoxic doses of zinc resulted in an immense induction of SSAT activity in the pancreas, a profound depletion of pancreatic spermidine, and spermine pools and acute pancreatitis (8) . The fact that pancreatitis could not be prevented by inhibition of polyamine oxidase, which generates hydrogen peroxide and a reactive aldehyde, led us conclude that the organ inflammation was causally related to the profound depletion of spermidine and spermine (8) . We subsequently subjected these transgenic rats to partial hepatectomy and found a striking stimulation of SSAT activity that was associated with a rapid depletion of hepatic spermidine pool at 24 h after the operation (9) . Under these conditions, the transgenic rats failed to initiate liver regeneration, as judged by lack of proliferative activity and organ weight gain. The regeneration was restored only after spermidine concentration returned to the preoperative level, presumably due to enhanced ornithine decarboxylase activity (9) .
Using the transgenic rats with activated polyamine catabolism, we show here that zinc-induced pancreatitis could be prevented by a prior administration of 1-methylspermidine, a metabolically stable analogue of spermidine that is supposed to fulfill most of the putative cellular functions of spermidine. In a similar fashion, the analogue alleviated the proliferative block in the transgenic rats, which was in all likelihood caused * This work was supported by grants from the Academy of Finland. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed. by spermidine depletion during early liver regeneration. These experiments appear to indicate that spermidine is specifically involved in the maintenance of pancreatic integrity and in the initiation of rat liver regeneration.
EXPERIMENTAL PROCEDURES
Generation of Transgenic Rats-The production of transgenic Wistar rats harboring the metallothionein-SSAT fusion gene (10) has been described earlier (8, 11) . Partial hepatectomy was carried out according to the original method of Higgins and Anderson (12) . The Institutional Animal Care and Use Committee of the University of Kuopio and the Provincial Government approved the animal experiments.
Chemicals-1-Methylspermidine was synthesized from 3-aminobutanol as described earlier (13) and administered in saline. Zinc was administered as zinc sulfate dissolved in distilled water.
Analytical Methods-Polyamines and their derivatives were determined with the aid of high-performance liquid chromatography as described by Hyvönen et al. (14) . SSAT activity was assayed according to Bernacki et al. (15) . ␣-Amylase activity was determined from heparinized plasma using an analyzer system Microlab 200 from Merck.
Histological Analyses of the Pancreatic Specimens-Formalin-fixed pancreatic specimens were embedded in paraffin, cut into 5-m-thick slices, and stained with hematoxylin/eosin. The stained sections were coded and blindly scored by the participating gastroenterologist (KarlHeinz Herzig) according to the method of Niederau et al. (16) . The details of the histological scoring are presented in Table I .
Immunohistochemistry of Proliferating Cell Nuclear Antigen (PCNA)-PCNA was detected from formalin-fixed paraffin-embedded tissue sections as described in detail earlier (9) .
Statistical Analyses-The data are expressed as means Ϯ S.D. Oneway analysis of variance with Dunnett's post hoc test for multiple comparisons was used for statistical analyses with the aid of a software package, GraphPad Prism 3.0 (GraphPad Software, Inc., San Diego, CA).
RESULTS

Depletion of Pancreatic Polyamines by Zinc-Administration
of zinc (10 mg/kg) alone or with methylspermidine (50 mg/kg) did not influence SSAT activity in syngenic rats, whereas in transgenic rats, the enzyme activity rose from 36 Ϯ 7.1 to 4270 Ϯ 560 pmol/mg/10 min in response to zinc. Inclusion of the analogue with zinc only slightly increased SSAT activity over that achieved with zinc alone. The changes in pancreatic polyamine pools in response to zinc and methylspermidine are depicted in Fig. 1 . Putrescine pools (Fig. 1a) remained very low regardless of the treatment in non-transgenic animals, whereas transgenic animals typically showed very high putrescine pools already without any treatments, indicative of con- stitutive activation of polyamine catabolism. The various treatments only marginally altered pancreatic putrescine pools (Fig.  1a) . The pancreatic spermidine pool remained virtually unaltered after zinc alone or in combination with the analogue in the syngenic animals ( Fig. 1b) but was dramatically (by 90%) reduced in transgenic animals in response to zinc. Administration of methylspermidine had little effect on zinc-induced depletion of spermidine (Fig. 1b) . Although zinc alone or in combination appeared to decrease the pancreatic spermine pool in syngenic animals, its effect in transgenic animals was much more striking as the spermine pool was decreased by more than 80% (Fig. 1c) . Fig. 1d depicts the accumulation of the analogue in the pancreas after a single dose or two doses. As indicated in the figure, the analogue effectively accumulated in the pancreas, apparently with no further metabolism. Fig. 2 shows plasma ␣-amylase activity after a single dose of zinc alone or in combination with analogue. Amylase activity remained at low levels in syngenic animals regardless of the treatments, was significantly increased after zinc in transgenic rats, indicating the development of pancreatitis, but was decreased after a single dose and fully normalized after two repeated doses of methylspermidine. Fig. 3 depicts pancreatic histology in transgenic animals after saline (Fig. 3a) , after zinc alone (Fig. 3b) , after zinc and a single dose of the analogue (Fig.  3c) , and after zinc and two doses of the analogue (Fig. 3d) . The acinar structure of untreated transgenic animal is entirely normal (Fig. 3a) , whereas zinc induced distinct pancreatitis with more than 50% of the acinar cells undergoing necrosis (Fig. 3b) . Administration of methylspermidine prior to zinc injection dramatically improves the situation as very little necrosis was present after a single dose of the analogue (Fig.  3c) and none was present after two doses of the analogue (Fig.  3d) . Table I summarizes the histological scoring of pancreatic specimens from all animals. As indicated in the table, pancreatic histology was only marginally affected by the treatments in syngenic animals, whereas transgenic animals showed acute pancreatitis after zinc with acinar necrosis as a prominent feature. A single dose of the analogue administered prior to zinc reduced the extent of necrosis, whereas after two repeated doses of the compound, very little, if any, necrosis was present (Table I) .
Effect of Methylspermidine on Zinc-induced Pancreatitis-
Effect of Partial Hepatectomy on Hepatic Polyamine Pools in Syngenic and
Transgenic Rats-Partial hepatectomy did not affect the low hepatic SSAT activity in non-transgenic rats, whereas the enzyme activity rose from the preoperative level of 12.7 Ϯ 6.0 to 4500 Ϯ 1040 pmol/mg/10 min at 24 h postoperatively. A single dose of methylspermidine given 3 h prior to the operation further enhanced SSAT activity to 7520 Ϯ 3000 pmol/mg/10 min at 24 h postoperatively. Fig. 4 depicts polyamine concentrations in syngenic and transgenic rats at 24 h after partial hepatectomy. Putrescine pools (Fig. 4a) distinctly increased in syngenic animals in response to the operation. Transgenic animals showed high putrescine concentrations already before the operation that were not affected by the operation but were strikingly increased in response to the analogue. This in all likelihood reflected the enhanced SSAT activity. The spermidine pool (Fig. 4b) was typically expanded in response to the operation in syngenic animals, whereas the transgenic animals showed a dramatic reduction of spermidine levels at 24 h postoperatively (Fig. 4b) . The hepatic spermine pool (Fig.  4c) was also typically decreased in syngenic animals after partial hepatectomy. In transgenic animals, the low spermidine pool was further decreased in response to the operation (Fig.  4c) . Methylspermidine had little effect on hepatic spermidine and spermine concentrations. Fig. 4d indicates that the analogue was effectively accumulated in normal and transgenic liver. Fig. 5 shows liver weight gain (Fig. 5a ) and the PCNA labeling index (Fig.  5b) at 24 h after partial hepatectomy without or with a prior injection of methylspermidine in syngenic and transgenic animals. The weight of the liver remnant was significantly increased in syngenic animals, but not in transgenic animals, at 24 h after the operation (Fig. 5a) . Methylspermidine had no effect on the weight gain in non-transgenic animals but significantly increased the organ weight in transgenic animals (Fig. 5a ). PCNA was used as an indicator of proliferative activity during liver regeneration. Immunohistochemical detection of PCNA is a convenient and commonly used method to grade proliferative activity in various tissues. PCNA expression is closely correlated with the S-phase of the cell cycle (17) . Fig. 5b depicts the PCNA labeling index before partial hepatectomy and at 24 h postoperatively in syngenic and transgenic rats without or with methylspermidine treatment. In resting liver, only about 1% of the hepatocytes were PCNA-positive. In syngenic animals, the number of PCNApositive cells increased sharply to over 30% at 24 h after the operation, whereas in transgenic animals, the number of positive cells remained at the low preoperative level at this time point (Fig. 5b) . Administration of the analogue did not change the PCNA labeling index in syngenic livers but dramatically increased the number of PCNA-positive cells in transgenic liver from about 1% to more than 40% (Fig. 5b) . We repeated the experiment with other groups of syngenic and transgenic rats. In this experiment, PCNA-positive hepa- 
Effect of Partial Hepatectomy and Methylspermidine on Liver Weight Gain and Proliferative Activity-
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DISCUSSION
The present results strongly support the notion that spermidine, and possibly also spermine, plays a critical role in the maintenance of pancreatic integrity. In the present transgenic model of pancreatitis, profound spermidine and spermine depletion was achieved by the inducible activation of their catabolism. Under the conditions of intense activation of polyamine catabolism, depleted pancreatic polyamine pools cannot be replenished by natural polyamines as they would be rapidly degraded without any net tissue accumulation. 2 We therefore tested 1-methylspermidine as a substitute for spermidine. Methylspermidine is reported to be metabolically stable as it is not a substrate for SSAT and serves only as a poor substrate for spermine synthase (18) . Moreover, it appears to fulfill many of the putative functions of spermidine, such as promoting the conversion of right-handed B-DNA to left-handed Z-DNA (18, 19) , serving as the substrate for the synthesis of deoxyhypusine (integral part of eukaryotic initiation factor 5A) (20) and reversing cytostasis caused by inhibitors of polyamine biosynthesis (18, 20) . We also found that this analogue is not an inhibitor of SSAT but induces the enzyme in transgenic animals. 3 The fact that methylspermidine prevented zinc-induced pancreatitis in the transgenic rats proves that the profound depletion of the pancreatic polyamines was causally related to the development of the organ inflammation and not, for instance, oxidative stress created by polyamine oxidase with its reaction products, hydrogen peroxide and aminoaldehyde. The process in which the polyamines are required to maintain pancreatic integrity is not known. It is tempting to speculate that spermidine acts through its specific function to serve as a precursor for hypusine and the initiation factor 5A (21), especially as intense protein synthesis is continuously going on in the pancreas. However, reduction of hypusine content in the absence of a sufficient spermidine pool appears to be a slow process in which a 50% decrease in hypusine level takes nearly a week (22) , yet the pancreatitis in the present model developed in just 24 h.
As in the case of pancreatitis, methylspermidine appears to cover the requirement for spermidine also in rat liver regeneration. The striking induction of the SSAT transgene and profound depletion of hepatic spermidine pool at 24 h after partial hepatectomy led to a dramatic block of proliferation, which was, however, equally dramatically reversed by the administration of methylspermidine. Many of the experimental findings, such as the early expansion of spermidine pool in regenerating normal liver and the extremely close correlation between spermidine concentration and hepatic proliferative activity (9), seem to indicate that spermidine is specifically required for the initiation of rat liver regeneration. This view is likewise supported by our earlier findings indicating that the maintenance of normal or near normal hepatic spermidine pool in the transgenic animals apparently occurred at the cost of spermine, the pool of which was reduced by 90% (9) . In any event, to our understanding, the present experiments represent for the first time a situation in which polyamine depletion has been successfully corrected in vivo.
It is highly likely that the use of polyamine analogues or compounds alike is not limited to the prevention of pancreatitis in this specific transgenic model as our preliminary experiments have indicated that an activation of polyamine catabolism is also involved in other experimental models of pancreatitis. Similarly, the present approach may have use in hepatoprotection in the case of liver damage. 
